We propose a scheme for the controllable preparation of a cold indirect exciton condensate using dipolaritonic setup with an optical pumping. Dipolaritons are bosonic quasiparticles which arise from the coupling between cavity photon (C), direct exciton (DX), and indirect exciton (IX) modes, and appear in a double quantum well embedded in a semiconductor microcavity. Controlling the detuning between modes of the system, the limiting cases of exciton-polaritons and indirect excitons can be realized. Our protocol relies on the initial preparation of an exciton polariton condensate for the far blue-detuned IX mode, with its subsequent adiabatic transformation to an indirect exciton condensate by lowering IX energy via applied electric field. The following allows for generation of a spatially localized cold exciton gas, on the contrary to currently used methods, where IX cloud appears due to diffusion of carriers from spatially separated electron-and hole-rich areas.
I. INTRODUCTION

Experimental observation of Bose-Einstein condensation (BEC)
1 in a cold atomic gas system represents a major breakthrough of contemporary condensed matter physics.
2,3 However, while being a perfect testbed for studies of macroscopically coherent phenomena, the requirement of ultralow temperature (< 1 µK) of an atomic gas restricts its possible applications. Fortunately, this requirement can be removed in solid state setups, where condensation of excitons in semiconductor structures was theoretically predicted 4, 5 for considerably higher temperatures (≈ 1 K). While unambiguous evidence of exciton condensation in a bulk and monolayer semiconductor structure is still lacking due to technological difficulties, 6 several modifications of conventional excitonic system have shown promising results.
For instance, exciton polaritons, being a hybrid quasiparticles of coupled excitons in semiconductor quantum well and confined cavity photon, 7,8 represent a useful setup for studies of bosonic phenomena due to large decoherence times and simplicity of experimental characterization using optical techniques. The extremely small mass of these quasiparticles allowed to rise the typical critical temperature of condensation to tens of Kelvins range, [9] [10] [11] [12] and in certain cases up to room temperature. 13, 14 With experimental advances the macroscopically coherent polariton gas is now routinely observed in numerous system, working both with incoherent optical 9,10 and electrical 15, 16 pump. The unique properties of polaritons enabled observation of solitons, [17] [18] [19] quantized vortices, 20,21 polarization effects, [22] [23] [24] [25] and are considered as a platform for optical computing. 26, 27 At the same time, their short lifetime coming from cavity photon mode leakage does not allow for proper thermalization of particles, and essentially restricts the system to driven-dissipative non-equilibrium behavior.
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Another bosonic system where long-range coherence was observed is represented by spatially indirect excitons-composite electron-hole objects formed in a double quantum well. 41 which causes long lifetime of indirect exciton (> 100 ns), 42 the efficient thermalization of particles can be achieved. 32 Simultaneously, the reduced photon-exciton interaction constant complicates the optical generation and characterization of indirect exciton gas. 43 In particular, the common scheme for IX cloud preparation includes optical generation of holes in one quantum well and electrical injection of electron in the adjacent well. 31 This largely impedes the spatial control of cold exciton gas, and for instance is believed to cause a fragmentation of an indirect exciton cloud.
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Recently, the possibility to unite the subjects of exciton-polaritons and indirect excitons was attained in the system of dipolaritons. 46, 47 Being hybrid quasiparticles consisting of cavity photon (C), direct exciton (DX), and indirect exciton (IX), they share desirable properties of both polaritons and cold excitons, including enhanced interparticle interactions, enlarged lifetime, and improved optical control. The system of dipolaritons was proposed to serve as an efficient terahertz emitter, [48] [49] [50] tunable single-photon source, 51 and polarization switcher.
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In this paper we propose a scheme for optical generation of a cold indirect exciton condensate using a dipolariton setup. At the first step, it requires an initial preparation of an exciton polariton condensate using the incoherent optical pump, with indirect exciton mode lying high in energy for zero applied electric field F . By lowering IX energy with an increase of field F , the lower dipolariton state experiences adiabatic Landau-Zener transition, 53, 54 converting to indirect excitonic state with high fidelity. The following allows for generation of a spatially localized cold exciton gas, on the contrary to currently used methods, where IX cloud appears due to diffusion of carriers from spatially separated electron-and hole-rich areas.
II. THE MODEL
The considered structure consists of two quantum wells separated by a thin barrier, allowing electron to tunnel between the wells. This double quantum well (DQW) system is placed in an optical microcavity, providing the existence of a cavity photon mode strongly coupled to a direct exciton mode, while an indirect exciton mode remains decoupled from the light mode [ Fig. 1(a) ]. An indirect exciton instead is coupled to direct exciton due to coherent tunnel coupling between the QWs. The bias is applied to the heterostructure in the growth direction, which allows to tune the energy of an indirect exciton and thus the tunneling efficiency.
The Hamiltonian of dipolariton system can be written in the general formĤ =Ĥ coh +Ĥ dec , where coherent and decoherent processes are separated. The coherent part of Hamiltonian reads:
whereâ † ,b † andĉ † are creation operators of cavity photons, direct excitons, and indirect excitons, respectively. First three terms in Eq. (1) correspond to energies of photon ( ω C ), direct exciton ( ω DX ) and indirect exciton ( ω IX ) modes. The next two terms describe the direct exciton-cavity photon Rabi splitting Ω and the direct-indirect exciton tunneling splitting J. Here, we emphasize that an indirect exciton energy is time dependent, and depends linearly on the time-varied applied electric field
IX is an energy of indirect exciton at zero bias; L is a distance between centers of QWs; e denotes electron charge.
For the strong coupling case where intermode couplings Ω and J overcome decay (or broadening) of the modes, the eigenstates of Hamiltonian (1) correspond to lower (LP), middle (MP), and upper (UP) dipolariton states, being coherent superpositions of original C, DX, and IX states. The sketch of dipolariton dispersions is shown in Fig. 1(b) for largely blue-detuned indirect exciton mode, and positive detuning of cavity photon with respect to direct exciton, ω C − ω DX > 0.
The initial feeding source of the dipolariton system is represented by laser tuned to high energies [ Fig. 1(b) ]. It excites free electrons and holes, which relax to low energies, forming excitons with large wave vectors, commonly referred as reservoir states. 55 During this fast relaxation process the initial phase of the laser is fully lost, and incoherent reservoir of the direct excitons is created. Next, the excitons from reservoir can scatter due to excitonphonon interactions towards ground state at zero wave vector of lower dipolariton mode, where they form a macroscopically occupied coherent state. The following excitation scheme is commonly used in conventional polaritonic setups, 9 where nonequilibrium condensation of polaritons under incoherent pumping conditions was observed.
To describe incoherent processes related to phononassisted scattering of particles from reservoir to the ground state, we introduce the exciton-phonon interaction HamiltonianĤ dec =Ĥ + +Ĥ − , wherê
correspond to processes with emission (d † k ) and absorption (d k ) of phonons with wave vector k.r † k andr k are creation and annihilation operators for reservoir states. D ph denotes exciton-phonon interaction constant.
In order to take into account the decoherence caused by a finite lifetime of the modes and interaction with reservoir, one can use the Lindblad master equation for the density matrix ρ,
, ρ}/2) withâ i =â,b,ĉ and γ j = 1/τ j (j = C, DX, IX) being damping rates of the modes. 48 The termL (th) ρ corresponds to phonon-assisted processes accounted using Born-Markov approximation. The evolution of occupations of the modes, being
At the first stage (t < 1 ns) the formation of polariton condensate takes place. Next, continuous change of an applied bias drives the system through an avoided crossing, leading to the transfer of polariton occupation to an indirect exciton mode.
Since we are interested in a large number of particles, we can apply the mean field approximation when time dynamics of the system can be defined by equations for mean fields given by ∂ â i /∂t = Tr(â i ∂ρ/∂t), whereâ i = a,b,ĉ.
Using the straightforward algebra we get equations of motions for the cavity photon, direct exciton, and indirect fields coupled to reservoir:
where
kr k denotes the full occupancy of the reservoir and N ph = k n ph k corresponds to the total number of the phonons defined by the temperature of the sample. W = 2δ R D 2 ph corresponds to the scattering rate of reservoir particles to macroscopically coherent state, where δ R is the inverse broadening of exciton states divided by 2 . The term P (t) in Eq. (7) corresponds to the incoherent pump of reservoir states, which is typically given by the Lindblad type operator written in the form: where |P k (t)| 2 denotes the intensity of incoherent pump of single reservoir state with in-plane wave vector k, and total pump is defined as P (t) = k P k (t). Writing the system of the kinetic equations we assumed large occupancy of the condensate state thus neglecting terms corresponding to spontaneous scattering. We checked numerically that these terms do not affect the obtained results.
III. RESULTS AND DISCUSSION
We simulate the dipolariton system based on In 0.1 Ga 0.9 As/GaAs/In 0.08 Ga 0.92 As heterostructure.
46
The coupling parameters are chosen as Ω = 3 meV and J = 1 meV. The latter corresponds to DQW with barrier width of L b = 10 nm. Lifetimes of the modes are chosen as τ C = 20 ps, τ DX = 1 ns, τ IX = 100 ns. The damping rate of reservoir states γ R = 1/τ R is defined by lifetime τ R = 0.1 ns. Initially, at zero applied field energies of the modes system are tuned to ω DX − ω C = −3 meV, ω
IX − ω C = 15 meV, and we set the reference point ω C = 0 without loss of generality [see Fig. 2 (a) for t → 0]. The reservoir scattering rate W = 1/τ sc is defined by characteristic exciton-phonon scattering time τ sc , and chosen as 200 ps. 57, 58 The temperature of the sample was assumed to be T = 0.7 K, being typical for experiments with cold indirect excitons. 30 We start switching on incoherent pump P (t) gradually [ Fig. 2(a) ], populating reservoir exciton states. Due to phonon-exciton interaction particles from reservoir thermalize and scatter to lowest energy state of lower dipolariton branch during several hundreds of picoseconds, where the steady-state is achieved approximately at 0.5 ns [ Fig. 2(b) ]. By this moment the DX mode is highly populated, while IX mode remains empty due to large separation in energy and smallness of interaction with reservoir. The crucial idea now is to change the bias applied to the system. The IX mode energy then varies linearly up to large red-detuned value [ ω (∞) IX = −15 meV], while direct exciton and cavity photon modes energies remain unchanged. The exact shape of IX energy dependence is plotted in Fig. 2(a) , and is described by formula
IX , where parameters are τ = 1200 ps and ∆τ = 50 ps.
If one changes the bias slowly, the Landau-Zener type transition between bosonic modes takes place. Namely, the system adiabatically follows the lower dipolariton branch, and at the final stage of complete swap gains 99.9% indirect exciton fraction. Alias, in the basis of bare modes the IX population largely increases due to transfer from cavity photon and direct exciton (polariton) modes, where their occupations drop to zero [ Fig.  2(b), after 1.3 ns] . This corresponds to conversion of macroscopically coherent polariton population to a gas of cold indirect excitons, which inherit coherence properties and demonstrate long lifetime (characteristic decay time > 10 ns for chosen parameters).
We note that successive preparation of cold exciton BEC requires simultaneous switching off the pump P (t), leading to the rapid devastation of the reservoir mode. The following allows to keep high transfer fidelity, where overall particle occupation remains large during the transfer event, but prevents refilling of polaritonic states.
To characterize the system and find optimal parameters for cold exciton condensate preparation, we proceed considering different coupling parameters of dipolariton setup. In Fig. 3 the transition process is demonstrated for several values of Rabi frequency Ω and tunneling splitting J. First, we fix tunneling constant to J = 2 meV (as in Fig. 2 ) and vary the strength of light-matter interaction. We find that increase of Rabi frequency Ω causes the reduction of transition efficiency, which can be clearly observed in Figs. 3(a), (b), and (c) . First, this can be linked to increase of cavity photon admixture in the lower dipolariton mode, and consequent enlargement of decay. Second, the change of coupling Ω in general strongly influences Landau-Zener transition in three-mode system.
In Fig. 3(d) we show the population transfer for the case of equal couplings J = Ω = 6 meV, corresponding to the sample discussed in the Ref. [46] . We observe that population transfer for these parameters is not perfect, and thus conclude that J < Ω condition shall be followed. Furthermore, we note that large values of tunneling constant J lead to stronger mixing of IX and DX modes, with consequent decrease of the lower dipolariton lifetime after switching.
Next, we study the influence of electric field switching process on the performance of population transfer. The main parameter here is a switching time τ , which also determines the switching rate c = ∆τ −1 /4 at which energy linearly decreases as ∼ −ct around transition point τ . It defines the adiabaticity of transition, and is of high importance for successive Landau-Zener transition. In particular, the optimal transfer requires slow variation of detuning, as compared to the energy distance between modes in the anticrossing point of dressed modes.
In Fig. 4 the time dynamics of the system is presented for different switching rates. We considered three regimes, altering both the rate of detuning switching and the front of pump switching, in order to keep density of the particles at the same level [ Fig. 4(a) ]. We find that the voltage switching rate almost does not affect on the polariton population at steady-state condition, but strongly influences the efficiency of the transition, defining the IX mode occupation [ Fig. 4(b) ]. For the switching time ∆τ 1 = 100 ps nearly perfect transfer was achieved. This confirms that the characteristic time corresponding to anticrossing energy distance is ∼ 1 ps, and transition is adiabatic. However, decreasing the switching rate to ∆τ 2 = 200 ps and ∆τ 3 = 300 ps we revealed the reduction of transfer efficiency, signifying of an existence of an optimal rate ∆τ . The process of spoiling of transition is related to open-dissipative nature of the system under the study.
Finally, we acknowledge the presence of another bound which puts limitation on detuning switching rate. It comes from the experimental limitation of DC voltage sweep rate, which typically cannot outperform gigahertz repetition rates. While state-of-the-art devices with fast switching are currently engineered, 59 we probe the possibility to decrease the sweep rate up to 100 MHz range. In Fig. 5 we show that the transition can take place for switching time being in the tens of nanoseconds range [ Fig. 5(a) ], easily achievable with current technologies. The transition efficiency in this case drops as opposed to less-than-nanosecond switching time. At the same time, a decent population of indirect exciton gas can be achieved for certain pumping conditions, which persists for tens of nanoseconds. The parameters of the system for this calculation were modified to J = 0.6 meV and Ω = 3 meV. Finally, let us discuss the immediate consequences of proposed scheme for cold exciton gas preparation. Being based on conversion of optically created polaritons to an indirect exciton gas, it ensures the preservation of the spatial shape of initial cloud, and does not involve separate injection of electron and hole carriers. This is in contrast to typical excitation scheme in the indirect exciton experiments, where optical generation of holes and electrical injection of electrons is used. 30, 31 The following allows to test the possible explanation of IX ring appearance based on the electrostatic reasoning.
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Moreover, we note that our proposal can be tested in first approximation even without the presence of an optical microresonator. In this case only coupled DX and IX modes are considered, and conversion of optically active direct excitons to a cloud of indirect excitons can be realized. However, on the contrary to the full dipolaritonic setup, no condensation effects for direct excitons are expected which can limit the efficiency of the proposed protocol.
IV. CONCLUSIONS
In conclusion, we proposed the way for an on-demand optical preparation of a cold exciton condensate based on Landau-Zener bosonic transfer in a dipolariton system. The protocol is based on several steps. First stage corresponds to initial preparation of polariton condensate with high cavity photon and direct exciton fractions, while indirect exciton mode is located high in energy at zero external voltage. Next, applying electric field the IX energy is lowered to far red-detuned value, where adiabatic following of the lower dipolariton mode converts particles to indirect excitons with inherited coherence properties. Finally, to reduce residual effects of cavity an optical incoherent pump of polaritonic reservoir states shall be switched off during the transfer event. We analyzed the population transfer for various sets of parameters and switching conditions, and demonstrated that adiabatic cold exciton preparation is experimentally feasible in currently existing setups.
In the same way for reservoir states we get
Here the relevant term corresponds to the stimulated scattering between reservoir and coherent mode, while spontaneous scattering can be usually neglected. Incoherent pump. The pump of reservoir can be introduced using the Lindblad superoperator for incoherent pumping of each reservoir state with momentum q, and is given by:
where P q (t) corresponds to an incoherent pumping rate of a single reservoir state. Considering identical reservoir states, we can write equation for the total reservoir occupation as
where we defined the total incoherent pumping rate P (t) as a sum of single state pumps.
Combining the all contributions, for the time dynamics we come to the system of coupled equations (4)- (7) .
